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1 [bookmark: _Ref409106980]Introduction
The Study on New Radio Access Technology [1] aims to develop a NR access technology to meet a broad range of use cases including enhanced mobile broadband, massive MTC, critical MTC, and additional requirements defined during the RAN requirements study. It is suggested to study a waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access. Further SID urges to study and identify technical features necessary for enabling new radio access including efficient multiplexing of traffic for different services and use cases on the same contiguous block of spectrum.
The following agreements were made in RAN1#86 regarding the new waveform
· At least up to 40 GHz for eMBB and URLLC services, NR supports CP-OFDM based waveform with Y greater than that of LTE (assuming Y=90% for LTE) for DL and UL, possibly with additional low PAPR/CM technique(s) (e.g., DFT-S-OFDM, etc.) 
· Y (%) = transmission bandwidth configuration / channel bandwidth * 100%
· RAN1 specification will support transmission bandwidth configuration corresponding to Y up to approximately100%
· Some evaluations in RAN1 show that Y for a NR carrier can be up to 98% of the evaluated channel bandwidths for both DL and UL without complexity and latency constraints [R1-166093]
· Note: additional pre-processing techniques on top of CP-OFDM are not precluded, e.g., OTFS
· Additional waveforms may be supported by NR for e.g. other services (e.g. mMTC) 
· It is recommended that RAN4 should target to support eNB/UE with Y significantly higher than 90% when defining the RAN4 requirements where the specification of Y should consider complexity and latency constraints 
· In-band frequency multiplexing of different numerologies is supported in NR for both DL and UL, at least from the network perspective 
· It is expected that spectrum confinement on sub-band basis is specified as requirements on 
· Transmitter side in-band emission and EVM requirements  
· Reception performance in presence of other-subband interferer
· The definition of sub-band is FFS 
· From RAN1 perspective, spectral confinement technique(s) (e.g. filtering, windowing, etc.) for a waveform at the transmitter is transparent to the receiver 
· Inform RAN4 the above agreements
· RAN1 plans to perform more evaluations on waveform and will inform RAN4 with future updates, if any

This contribution proposes a new waveform namely flexi-OFDM for the New Radio, which is a derivative of CP-OFDM. It also discusses the advantages of flexi-OFDM over filtered / windowed OFDM.
2 Overview
For the design of the waveform for New Radio, different requirements and design principles have been put forth in the previous meetings by various companies [3][4]. The basic requirements of the NRAT includes
· Reduced Out Of Band Emission (OOBE) to adjacent numerologies in the same band
· Reduced PAPR for better Power Amplifier performance
· Flexible CP to reduce CP overhead
· Dynamic scheduling of different numerologies
· Grant-free asynchronous transmission
3 Flexi OFDM
          [image: ]
 (
Fig. 1 Flexi-OFDMA Transceiver Chain
)

The flexi-OFDMA is a waveform where the data over each stream with different rates is transmitted over different bands with different subcarrier spacing, still maintaining orthogonality. The transceiver chain of the flexi-OFDMA is shown in the Fig. 1. The flexi-OFDMA waveform works by dividing the carrier bandwidth into N subbands and transmission in each subband is performed as OFDM/OFDMA using a small IFFT in the transmitter and FFT in the receiver, respectively. Defining Xm as the input signal at the mth subband sml as the lth OFDM symbol in the mth band, the output of stage 1 IFFT can be written as shown below:

where  represents an -pt IDFT matrix. To proceed to stage 2, assume that  is the maximum IFFT size required of all the subbands and any  is a divisor of . Now is defined as a block of size over which stage 2 IFFT operates  times. With symbol boundaries aligned across all subbands,  and  over the observation window  can be represented as shown below:
 , and

where  represents an N-pt IDFT matrix. If  in the subband, the  row of the block s will have  OFDM symbols. After parallel to serial conversion, the transmission vector  is passed through a multipath channel . With appropriate equalization at the receiver to counter the multipath, the received signal at stage 1 of the receiver can be written as shown below:

where
 and


with and  represents the  element of . After the -pt FFT, the estimates of the transmit signal  with frequency domain equalization (FDE) either in stage 2 / stage 1 can be written as shown below:

where  is the single tap equalizer for the  subband. The equalizer can be based on MMSE/MRC as in the existing LTE systems. 
4 flexi-OFDMA for multiple numerologies
 (
Fig. 2  flexi-OFDMA with 2 numerologies
)                                                      

The main feature of flexi-OFDMA lies in its flexibility to multiplex different numerologies without the loss of orthogonality.  Fig. 2 depicts a 10MHz system where half the bandwidth is given to a numerology with 15KHz subcarrier spacing and the remaining half to a numerology with 30KHz subcarrier spacing. Considering stage-2 transformation as 64-pt IFFT, the stage-1 is designed as 16-pt IFFT for the first 32 subbands and 8-pt for the remaining 32 subbands. Now for every 16-pt IFFT transformation, two 8-pt IFFT transformations will be performed over a given time duration T. Assuming proper channel equalization, the receiver performs the inverse transformation to get back the data without any inter numerology interference. 
5 Block CP for flexi-OFDMA 

 (
Fig 3. Block CP addition
)

To maintain orthogonality in flexi-OFDMA, the transceiver chain in Fig .1 assumes CP added every stage 2 sub-symbol. This creates high CP overhead and hence a block CP (BCP) scheme is proposed for flexi-OFDMA. Here CP is added over a block of sub-symbols or symbols. 
[image: ]
 (
Fig 3. flexi-OFDMA with Block CP
)

The new transceiver chain with BCP is shown in Fig.4 .  In the receiver, for BCP, frequency domain channel equalization is done using a bigger point FFT-IFFT pair followed by the flexi-OFDMA receiver transformation. 
6 Advantages of Flexi OFDM 
The flexi-OFDMA waveform has a lot of advantages over the existing waveform candidates and the baseline waveforms. This has been described in the below table. 
	Property
	OFDM 
	w-OFDM /WOLA 
	f-OFDM 
	flexi-OFDM 
	flexi-OFDM  with BCP 

	Time Orthogonality 
	Yes 
	No 
	No 
	Yes 
	Yes 

	Frequency Orthogonality 
	No 
	No 
	Quasi 
	Yes 
	Yes 

	Computational Complexity 
	Medium 
	Medium 
	High 
	Low 
	Medium 

	Additional CP Overhead
	Nil 
	Low 
	Nil 
	High 
	Nil 

	Additional Guard Band 
	No 
	No 
	Yes 
	No 
	No 

	Guard Period 
	No 
	Yes 
	No 
	No 
	No 



7 Performance Evaluation
 (
Fig 4. Case 1a
 & 1b
 
in
 AWGN channel
)  [image: ]                           [image: ]

 (
Fig 5
. Case 
2 & 
4 
in
 AWGN channel
 with 0KHz guardband
)[image: ]                        [image: ]

The major advantage of flexi-OFDM is clearly reflected in Fig.5 where two numerologies are simulated with 0KHz guard band in downlink and uplink scenario. As seen in the figure, OFDM has a loss compared to flexi-OFDMA as there is severe inter numerology interference due to lack of guard band/filtering/windowing. Still flexi-OFDMA performs better as orthogonality across numerologies is still maintained.
8 Conclusions
Based on the descriptions and analysis above, the following proposals are made
Proposal 1: To consider flexi-OFDMA as a candidate waveform for NR and evaluate.
Proposal 2: To consider block CP based CP addition for flexi-OFDMA.
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